Precise predictions for Higgs production via vector-boson fusion play an important role when testing the properties of the Higgs boson and probing new-physics effects. While the inclusive cross section changes little when including NNLO and N3LO QCD corrections, a differential NNLO calculation with typical VBF cuts [1] shows large corrections of up to 10% in distributions.
I. INTRODUCTION
With the discovery of the Higgs boson [2, 3] at the Large Hadron Collider (LHC) at CERN in 2012, all particles predicted by the Standard Model (SM) have finally been observed. One of the remaining tasks is to verify that it is indeed the SM Higgs which has been observed. For this, a detailed study of its properties, in particular its couplings, needs to be carried out with high precision.
The vector-boson-fusion (VBF) production mode of the Higgs boson is a crucial ingredient for this task [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Its cross section is sizable, being the second largest one for Higgs production, after gluon fusion. The process exhibits a characteristic feature, two energetic jets in the forward and backward regions of the detector, the so-called tagging jets [15] . The decay products of the Higgs boson are typically more central and in-between them. Also, the Higgs boson is typically produced with considerable transverse momentum. These can be exploited in the kinematic reconstruction of the decay products, e.g. in decays into τ pairs [16] [17] [18] , or for invisible decay modes [19] [20] [21] . Additionally, the nature of the HV V vertex can be probed through the azimuthal-angle distribution of the tagging jets [22, 23] .
In order to make full use of the LHC data, precise knowledge and good understanding of the SM prediction of VBF-H production is crucial. The next-to-leading order (NLO) QCD corrections [24] [25] [26] have been known for quite some time and yield corrections of O(10%). Choosing the momentum transfer of the exchanged virtual bosons as central scale proves to be a good choice to minimize the QCD corrections. The NLO EW corrections are of a similar size [27] [28] [29] , with opposite sign for inclusive cross sections. Inclusive cross sections have been calculated to next-to-next-to-leading order (NNLO) QCD in Refs. [30, 31] and to next-to-next-to-next-to-leading order (N3LO) in Ref. [32] , using the structure-function approach in both cases. The effects are around the percent level for NNLO and at a few per mille for N3LO. The latter further reduces the associated scale uncertainty.
NNLO effects on differential distributions have been studied in the VBF approxima-tion [1] , where QCD corrections to the two quark lines are considered as independent, analogous to the structure-function approach. The effects turn out to be sizable, yielding a reduction of around 6% for the fiducial cross section with typical VBF cuts (high invariant mass and large rapidity separation of the tagging jet pair), and even larger corrections are found for distributions which has been surprising, given the smallness of corrections for inclusive cross sections. One should bear in mind, however, that the VBF cross sections at LO are completely independent of the jet definition scheme, due to the large rapidity separation enforced by the VBF cuts. Even in an NLO cross section, the internal jet shape is only modeled by up to two partons, i.e. any dependence on the jet algorithm or the jet radius in the rapidity-azimuthal angle-plane is modeled at LO only. Indeed it was found long time ago that the jet shape of current jets in DIS, which have the same properties as the tagging jets in VBF, is much wider at NLO, when up to three partons model the internal energy flow [33] . These effects will lead to differences in jet algorithm and jet radius dependencies for NNLO as compared to NLO cross sections.
In this paper, we investigate the dependence of the differential NNLO cross section on the definition of the jets. We test how different choices change the size of the corrections, and where features are insensitive to the jet definition.
II. SETUP
As starting point for our investigation we use the results of the differential NNLO QCD calculation presented in Ref. [1] , and we follow the setup chosen there. Specifically, we study VBF-H production pp → Hjj + X
in proton-proton collisions with a center-of-mass energy of √ s = 13 TeV. As parton distribution function we use the NNPDF 3.0 set at NNLO with α S (M Z ) = 0.118 (NNPDF30 nnlo as 0118) [34] throughout. Bottom quarks are taken as massless and their effects are included, while topquark effects are excluded both as final state and in internal lines. The CKM matrix is taken as diagonal. The Higgs boson is produced on-shell, while for the W and Z boson propagators we use full Breit-Wigner propagators. The masses, widths and the Fermi constant are set to
The remaining electroweak parameters are calculated from the W and Z masses and G F via electroweak tree-level relations. As scale we use
By default, jets are clustered from partons using the anti-k T algorithm [35] with separation parameter R = 0.4. Each event must contain at least two jets with
To pass the VBF cuts, the two tagging jets, defined as the two jets of highest p T , must fulfill
i.e. they must be located in opposite hemispheres, well-separated in rapidity, and the pair must have a large invariant mass.
To study the impact of the jet clustering, let us first consider the effect of the algorithm. We restrict ourselves here to the family of sequential recombination jet algorithms [35] , with the variants anti-k T , Cambridge/Aachen (C/A), and k T , which correspond to the exponent parameter n = −1, 0, and 1, respectively. Since the algorithm is a function of the momenta of the final-state partons, loop effects have a strongly diminished influence as compared to real emission corrections. For two-parton final states, both partons need to be identified as jets for the event to pass the selection cuts, Eqs. (4, 5) . Therefore, from the rapidity separation cut it follows that the separation of the two partons is at least as large, R jj > 4.5. This is well above any reasonable values for the R parameter of the jet algorithm, so for two-parton kinematics the choice of R has no effect. As a result, the two-loop contributions to the NNLO cross section do not influence jet-algorithm-or R-dependence. Three-parton final states exhibit a dependence on R, which determines whether the third parton is clustered with either of the leading partons. However, there is as yet no dependence on the exponent, n, since, with at most one parton pair available for a jet, the p T -ordering of partons has no consequence. Algorithm dependence only enters with four-parton events. When both additional partons are inside the cone of one of the leading partons, the order of recombination can become relevant and give different results. We note that this dependence on the parameters R and n is shifted by one compared to the general case of X + 1 jet cross sections, where already for three-parton events both parameters are relevant. This is a consequence of the rapidityseparation cut in VBF processes, which enforces a very large R separation between at least two partons.
Analogous to the study of jet shapes in NNLO DIS cross sections in Ref. [33] , which was performed with an NLO ep → jj + X code, to study jet definition effects in NNLO VBF cross sections, it is sufficient to use a sample of VBF H+3 jets events at NLO QCD [36, 37] . These include the necessary interference of tree level and 1-loop contributions for 3-parton final states and the 4-parton double-real parts of the VBF-H NNLO QCD calculation. We generate these events with process ID 110 in VBFNLO [38] [39] [40] , using the parameter settings given in Eqs. (2, 3) and the cuts of Eqs. (4, 5) .
Our starting point, the NNLO QCD calculation of Ref. [1] , already contains these contributions for a specific value of R and n, namely R = 0.4 and n = −1 (anti-k T ). Therefore, to go to different values we can use the H+3 and H+4 parton integrals which contribute to the calculation of the NLO Hjjj cross section to define correction terms ∆(R, n) such that
We subtract the contribution for the base values from the differential cross section and add back the same terms for the desired new values. The dσ NLO H3+ denote the sum of 3-parton and 4-parton contributions which, when clustered with 3-jet cuts, would give the NLO Hjjj cross section. However now, after clustering with parameters (R, n), only 2 hard jets are required by the cut function.
1 The full NNLO differential cross section would contain additional 2-parton contributions (two-loop virtual terms, subtraction terms for double soft or collinear 4-parton configurations, subtraction terms for virtual soft or collinear terms, finite collinear pieces etc.), however any 2-parton contributions are independent of (R, n) and therefore exactly cancel in the difference ∆(R, n). For 3-and 4-parton configurations the two terms of ∆(R, n) will in general have a different kinematic structure for the jets. So the VBF cuts apply individually to each of the two terms in ∆(R, n). Similarly, when histogramming the events, the terms might go into different bins of the distribution.
To better understand why the subtraction terms of the NLO Hjjj cross section are also sufficient for the calculation of ∆(R, n), let us consider the phase space regions of non-vanishing ∆(R, n). For each 3-or 4-parton configuration passing the VBF cuts we can identify the two leading (highest p T ) hard partons, which are at the center of the two tagging jets, by running the clustering algorithm. A non-vanishing ∆(R, n) requires at least one hard additional parton with separation from one of the leading partons (or pre-cluster of partons) in the interval (0.4, R). If the clusters for (R = 0.4, n = −1) and (R, n) differ only by sufficiently soft partons (or not at all), both jet parameter choices will yield practically the same jets which end up in identical histogram bins, i.e. one gets ∆(R, n) = 0. A well separated hard additional parton gives a finite contribution to the integral of 3-parton configurations, and in a 4-parton configuration the usual subtraction term for a soft or collinear fourth parton will render the integral over this last parton finite.
Technically, we first generate weighted events with no restrictions on the phase-space of the partons, both for three-parton kinematics, comprising the Born and virtual contributions of the VBF H+3 jets cross section, and for four-parton kinematics for the real-emission part. Then for all required (R, n) combinations the jet clustering algorithm is applied to the event. If it passes the jet cuts of Eqs. (4, 5) , the weight of the event is booked in the corresponding histogram bin, taking into account the minus sign for the middle term in Eq. (6) . To steer the Monte-Carlo integration, we finally check if any (R, n) combination has passed all cuts. If not, the event weight is set to zero. Otherwise, in order to improve Monte Carlo convergence, we weight the event with the largest differences of m jj and ∆y jj between all considered (R, n) and the reference value of (R=0.4, n=−1). For example, in a 2-jet configuration where three of the partons are very collinear and are always clustered into the same jet, the weight factor would become exactly zero, corresponding to the fact that in that case also ∆(R, n) vanishes. Similarly, if one of the partons becomes soft, its effect on m jj and ∆y jj becomes small, so that in the infrared limit the weight factor also approaches zero. Note that this factor is only used to steer the integration and does not enter the physical weights used for the histograms.
An identity similar to Eq. (6) relates the NLO result for arbitrary values of R with the NLO result for R = 0.4 and the LO matrix elements for VBF H+3 jets production, dσ . We have checked that the differential cross section obtained in this way agrees with a calculation where the jet clustering radius has been explicitly set to R. The level of agreement is better than one per mill. To verify our setup, we have also cross-checked our results for the integrated and differential LO and NLO cross sections generated by VBFNLO with the results from Ref. [1] and find that they are consistent within the statistical errors from Monte-Carlo integration.
III. RESULTS
In Fig. 1 we first show the integrated cross section as a function of the jet clustering radius R. At LO, where only two partons are available, the cross section is independent of the value of R, as discussed above. The NLO cross section then exhibits a dependence on R, leading to an 8.5% reduction at the reference value R = 0.4. Going to larger values, the NLO cross section rises, at about R = 1.0 it coincides with the LO value, and surpasses it when R becomes even larger. Going one order higher in the perturbative expansion, the NNLO cross section exhibits an even stronger R dependence. At the reference value, R = 0.4, a further 6% reduction of the cross section compared to NLO takes place. Again around R = 1.0, the NNLO cross section agrees with both the LO and NLO results. Therefore, we choose R = 1.0 as a matching point in the following, when studying differential distributions. For all three curves, we also show the effect of varying the scale by a factor between 0.5 and 2 around the central scale given in Eq. (3), indicated by the underlying band. The sizable scale dependence of the LO results is significantly reduced when going to NLO, while going one order further to NNLO yields only a small additional reduction. For all combinations, the scale variation bands are not overlapping at the reference value. We also note that for NLO, the position of the plateau coincides well with the central scale choice when taking the matching point, R = 1.0.
Looking at distributions, we first consider the transverse momentum of the leading jet, shown in Fig. 2 . The left panel shows the results for R = 0.4, where the NNLO curve has been taken from Ref. [1] . The center panel uses the matching point with an R value of 1.0, and in the right panel we present results with R = 1.6 for comparison. Using the reference value R = 0.4, we see a reduction of the differential cross section over most of the shown range, which is approximately a constant factor for transverse momenta larger than 100 GeV. For smaller transverse momenta, the corrections decrease and in the first bin the additional NNLO effects give a positive contribution to the cross section. Employing our matching value, R = 1.0, we see that for jet transverse momenta above 80 GeV, the NLO and NNLO results roughly agree within the statistical errors. For comparison, we have again plotted the R=0.4 NLO curve in the upper panel. It shows that both the NLO and NNLO curves have shifted upwards, consistent with the behavior seen for the integrated cross section in Fig. 1 . Only in the first two bins there is still a significant positive correction, but with a smaller relative size than for R = 0.4. In the right panel with R = 1.6, we finally see that the NNLO contributions are always positive. In the lower ratio panels, we additionally show the effect from using the Cambridge/Aachen and k T clustering algorithm instead of our default choice of anti-k T . The effects due to different cluster algorithms are tiny. We have checked that this also holds for all other distributions. Therefore, we will show further distributions only for the anti-k T algorithm.
In Fig. 3 , we show the distribution of the rapidity difference of the two tagging jets, again for the three jet clustering radii of R = 0.4, 1.0 and 1.6. For the reference value, the ratio of NNLO over NLO cross sections is below one for values close to the lower cut at ∆y j1,j2 = 4.5. They then become gradually larger until a large positive correction is reached at the upper limit of 9, which is given by the requirement that the absolute value of the jet rapidity is below 4.5. Moving to the larger R = 1.0 clustering, the additional NNLO corrections become small up to a rapidity difference of about 7. Only for larger values do we see significant remaining contributions, which are positive in size. Thereby, the phasespace region of large rapidity difference and small transverse momenta of the leading jet is connected. As the cut on the invariant mass of the two tagging jets requires the jets to be very energetic, a small transverse momentum causes a large rapidity of each jet, and thus a large rapidity difference. The distribution for R = 1.6 exhibits a behavior similar to the one for R = 1.0, namely a constant correction factor for lower rapidity differences with a rise towards larger ones. Due to the larger jet radius, the correction factor is larger than one throughout. In Fig. 4 we finally show two more distributions, namely the transverse momentum of the second jet on the left and the transverse momentum of the Higgs boson on the right, showing only results for the matching value of R = 1.0. In both cases, the larger jet clustering radius reduces the size of the NNLO corrections to very small values over the whole range of the distribution. In contrast, at R = 0.4 the ratio of NNLO over NLO results for these two distributions ranges between 0.9 and 1.0 [1] and thus shows sizable NNLO corrections. Obviously, these large corrections are due to the wider energy flow inside the tagging jets, which is captured to a larger degree by the R = 1.0 jets than by the narrow R = 0.4 jets used in many LHC analyses.
IV. DISCUSSION AND CONCLUSIONS
The NNLO cross section for VBF-Hjj production shows a remarkably strong dependence on the jet definition, in particular on the jet radius in the rapidity-azimuthal angle-plane. Starting with the results of the NNLO calculation for a given jet algorithm, we use the NLO QCD calculation of VBF H+3 jets production to calculate the NNLO cross section at different values of both the jet clustering radius R and the momentum exponent, corresponding to the choices of anti-k T , Cambridge/Aachen and k T .
We find that a large jet clustering radius of R = 1.0 leads to small NNLO corrections to the fiducial VBF cross section (within the VBF cuts of Eqs. (5)). This also holds for most differential distributions. Relevant NNLO corrections remain in a phase-space region where the transverse momenta of both jets are small, and therefore the rapidity separation between them becomes large. Effects from choosing different jet clustering exponents are tiny.
The strong R-dependence of differential distributions and fiducial cross sections can be explained by the wider energy flow within quark jets at NNLO QCD, which was first discussed quantitatively for DIS jets in ep-scattering [33] : a larger jet radius captures a larger fraction of the energy of the original scattered quark and thus leads to an increase in average jet energy. Tagging jets defined with larger R thus have larger dijet invariant mass and they more easily pass the m jj > 600 GeV cut of the VBF selection. The resulting increase in fiducial cross section, exhibited in Fig. 1 , is substantial, reaching 17 percent when comparing R = 0.4 and R = 1.0, with a 6 percent shift due to NNLO effects alone, a surprisingly large contribution when compared to the considerably smaller NNLO corrections to the inclusive VBF Hjj cross section. These sizable corrections become intuitively understandable, however, when remembering that any R-dependence is determined at one order lower in perturbation theory than the cross section itself, i.e. in the NNLO cross section, R-dependence is modeled with NLO accuracy only.
The observed large corrections to jet shape and R-dependence, in going from NLO to NNLO modeling, are not captured by a scale variation of NLO cross sections. They should be treated as an additional uncertainty in any NLO cross section calculation for processes which exhibit jets at LO already. From our example of VBF Higgs production, one should assign an additional, order 10% uncertainty to NLO cross sections with quark jets in the final state, which becomes especially relevant when the scale variation of the NLO cross section is exceptionally small, like in VBF. For processes with gluon jets at LO, these corrections are expected to be larger, because of the enhanced radiation from gluons due to their larger color charge. Also, cross sections with steeper jet transverse momentum dependence at LO should be affected more by energy flow corrections in NNLO calculations than the VBF distributions, which have relatively mild p T -dependence of the tagging jets.
We found very small NNLO corrections for fiducial VBF cross sections and distributions for tagging jets defined with a radius R = 1.0. This does not mean, of course, that analyses at the LHC for VBF processes should be performed with such fat jets, since contributions from underlying event or pile-up would lead to additional large corrections, which may well induce higher cross section uncertainties than N3LO effects, which are still missing in the discussion above. Such investigations go beyond the aim and scope of the present paper, however.
